Amyotrophic lateral sclerosis (ALS) is a progressive degenerative disease of motor neurons. The inherited form of the disease, familial ALS, represents 5-10% of the total cases, and the best documented of these are due to lesions in SOD1, the gene encoding copper-zinc superoxide dismutase (CuZnSOD). The mechanism by which mutations in SOD1 cause familial ALS is currently unknown. Two hypotheses have dominated recent discussion of the toxicity of ALS mutant CuZnSOD proteins: the oligomerization hypothesis and the oxidative damage hypothesis. The oligomerization hypothesis maintains that mutant CuZnSOD proteins are, or become, misfolded and consequently oligomerize into increasingly high-molecular-weight species that ultimately lead to the death of motor neurons. The oxidative damage hypothesis maintains that ALS mutant CuZnSOD proteins catalyze oxidative reactions that damage substrates critical for viability of the affected cells. This perspective reviews some of the properties of both wild-type and mutant CuZnSOD proteins, suggests how these properties may be relevant to these two hypotheses, and proposes that these two hypotheses are not necessarily mutually exclusive.
A myotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by the relentless degeneration of both upper and lower motor neurons (1, 2) . Similar to other common neurodegenerative diseases, e.g., Alzheimer's disease, Parkinson's disease, Huntington's disease, and transmissible spongiform encephalopathies, ALS is characterized by mid-to-late-life onset, selective neuronal death, and the formation of protein deposits in affected neuronal tissues (3) . Most cases (90-95%) of ALS are sporadic, i.e., occurring in individuals with no family history of ALS. The remaining cases are familial ALS (FALS), and the best documented of these are due to inherited mutations in SOD1, the gene encoding copper-zinc superoxide dismutase (CuZnSOD) (4, 5) .
CuZnSOD, the product of the SOD1 gene, is a major antioxidant enzyme located predominantly in the cytosol, nucleus, and mitochondrial intermembrane space of eukaryotic cells and in the periplasmic space of bacteria (6) (7) (8) . The eukaryotic enzyme is a 32-kDa homodimer with a highly conserved amino acid sequence, and it contains one copper and one zinc-binding site, as well as a disulfide bond in each of its two subunits. It catalyzes the disproportionation of superoxide, yielding hydrogen peroxide and dioxygen, thus reducing steady-state levels of superoxide in its surroundings.
Superoxide, the substrate for CuZnSOD, is a potent, but chemically selective, reactive oxygen species produced in all aerobic cells. Sometimes it functions as a signaling agent (9) , but it can also cause oxidative damage, particularly at excessive concentrations or when it reaches the wrong cellular locations. One of the best documented examples of superoxide-mediated damage occurs when it attacks and destroys labile iron-sulfur cluster cofactors of aconitase and other similar iron-containing proteins (10, 11) .
Over 100 distinct SOD1 mutations (12) have been identified in FALS patients (most of them are listed at http:͞͞ alsod.org). Most of the individual mutations result in substitution of one single amino acid by another; such substitutions have been identified at over onethird of the 153 amino acid residues of the wild-type CuZnSOD protein. In addition to the individual amino acid substitutions, there are also a smaller group of mutations resulting in amino acid deletions and truncations.
SOD1-associated FALS has been demonstrated to occur by a gain-offunction mechanism. Transgenic mice expressing the human ALS-mutant SOD1 transgene in addition to their normal mouse wild-type SOD1 gene develop a motor neuron disease similar to human ALS, whereas transgenic mice expressing the human wild-type SOD1 transgene in addition to their normal mouse wild-type SOD1 gene do not (13) . In both cases, the transgenic mice have elevated levels of SOD activity relative to the nontransgenics, indicating that the disease is not caused by a lowering of SOD activity, but that the presence of the mutant CuZnSOD polypeptide itself is toxic to motor neurons (13) (14) (15) (16) .
Despite the apparent toxicity of superoxide, SOD1 knockout mice have a surprisingly mild phenotype. They develop relatively normally but display subtle motor symptoms by 6 months of age (17) , as well as impaired fertility (18) . They do not develop ALS, an observation that adds further support to the theory that ALS mutant CuZnSOD proteins are inherently toxic. Because the mitochondria are the main cellular source of superoxide, the mild phenotype of the SOD1 knockout mice could come from the fact that the gene encoding the mitochondrial manganese superoxide dismutase (SOD2) remains intact in these animals.
Oligomerization Versus Oxidative Damage
Two hypotheses (19, 20) have dominated recent discussion of the toxicity of ALS mutant CuZnSOD proteins: the oligomerization hypothesis and the oxidative damage hypothesis. The oligomerization hypothesis maintains (i) that mutant CuZnSOD proteins are or become misfolded and consequently oligomerize into increasingly highmolecular-weight species that ultimately aggregate and end up in proteinaceous inclusions and (ii) that the oligomerized or aggregated proteins are, at some stage in their formation, selectively toxic to motor neurons. A variation of the oligomerization hypothesis is that mutant CuZnSOD aggregates bind to other essential proteins, such as heat shock proteins (21) or mitochondrial electron transport proteins (see below), making them unavailable to perform their normal functions in the cell.
The oxidative damage hypothesis maintains that ALS mutant CuZnSOD proteins catalyze reactions with hydrogen peroxide or peroxynitrite that damage exogenous substrates critical for viability of the affected cells. A variation of the oxidation hypothesis is that mutant CuZnSOD proteins promote their own oxidative damage by similar mechanisms and that the oxidatively damaged mutant CuZnSOD molecules somehow cause the cells to die. The oxidative damage hypothesis would seem to require that copper (or some other redox active metal ion) be bound to the mutant CuZnSOD protein to promote the oxidation reaction.
Inclusions, Aggresomes, and Oligomers
Proteinaceous inclusions rich in mutant CuZnSOD protein, ubiquitin, and neurofilament proteins have been found in tissues from ALS patients (22) (23) (24) and ALS-SOD transgenic mice (25, 26) . There is no direct evidence that their presence damages the cells in which they are formed (16, 27) , and they appear to be formed relatively late in the disease in the ALS transgenic mice (28) . In fact, there is good reason to believe that they are the ultimate product of a type of cellular defense mechanism that occurs generally in cells when the burden of misfolded or damaged proteins exceeds the capacity of the protein degradation machinery to eliminate them (29) . In mammalian cells, this mechanism has been shown to involve transport of smaller protein aggregates along the microtubules to the microtubule organizing center, where they are incorporated into larger structures termed aggresomes. These cytoplasmic entities are structures in which aggregated, multiubiquitinated misfolded proteins are sequestered, where they await degradation by the proteasome or packaging into larger inclusion bodies (30, 31) .
Although the larger, visible proteinaceous inclusions may not themselves be toxic, they are a sign that something is very wrong in the cell with respect to the stability or solubility of the mutant CuZnSOD proteins. High-molecularweight protein complexes, rich in mutant CuZnSOD (32) , that have features characteristic of aggresome formation (33) have been found in the ALS transgenic mice. These complexes of oligomerized mutant CuZnSOD are much smaller than the visible inclusions, and their formation occurs much earlier.
Their presence suggests the possibility that soluble oligomers of mutant CuZnSOD are formed into aggresomes when their concentration exceeds the capacity of the proteasome to degrade them. These soluble oligomers may be the most toxic form of mutant CuZnSOD. Thus SOD1-associated ALS may be similar to other neurodegenerative diseases such as Alzheimer's disease, in which soluble protein oligomers increasingly are implicated as the pathogenic species, rather than the more visible fibrils or insoluble inclusions (29, 34, 35) .
Both inclusion and aggresome formation appear to be part of a dynamic process, a finding of potential importance in designing therapeutic approaches to ALS and other neurodegenerative diseases (29) . Inhibition of the proteasome accelerates formation of aggresomes (30) , but decreasing the cellular burden of aggregating protein by turning off expression can cause visible cellular inclusions to disappear rapidly via a proteasomal pathway (36, 37) . These findings suggest that the soluble oligomers are in equilibrium with the higher molecular weight complexes and aggresomes.
Mutant CuZnSOD proteins are degraded by the ubiquitin-proteasome pathway (38) (39) (40) (41) (42) , and a progressive decline in proteasome function is observed in cell culture models in which mutant CuZnSODs are expressed (38) . Involvement of the proteasome in the mechanism of mutant CuZnSOD-associated ALS could explain the late onset of the disease because proteasome function is known to decline with age (43) .
Mitochondrial Dysfunction
Morphological mitochondrial abnormalities are some of the earliest signs of pathology in the ALS transgenic mice (44, 45) , and the onset of disease is accompanied by a massive increase in the number of degenerating mitochondria (46) . Inhibition of components of the mitochondrial electron transfer chain has been demonstrated in both a cell culture (43) and murine (44) models of the disease. Particularly striking in the latter case is the observation that the mitochondrial enzyme activities were progressively decreased in spinal cord, particularly in the ventral horn, but not at all decreased in the cerebellum and dorsal horn (47) .
CuZnSOD protein has been shown to be abundant and enzymatically active in the mitochondrial intermembrane space in yeast (7), rat liver (8) , and the ALS transgenic mice (48, 49) . Inhibition of enzymes in the inner mitochondrial membrane in the ALS transgenic mice may be due to the presence of the mutant CuZnSOD in the intermembrane space, but the mechanism is unknown. Curiously, aggregated human CuZnSOD was not found in the intermembrane space but was found instead to be associated with the external side of the outer mitochondrial membrane mitochondrial membrane (48) .
State of Metallation of Toxic Mutant CuZnSOD Proteins: Zinc
It has been proposed that the zincbinding sites of the ALS mutant CuZnSOD proteins are compromised and that the proteins therefore have low affinities for zinc ions while retaining their high affinities for copper ions (50, 51) . Our studies of ALS mutant CuZnSODs expressed in either yeast or baculovirus expression systems appear to contradict these findings, at least for the large number of mutants that we have termed ''wild-type-like'' (see below and refs. 52 and 53).
We find that the ALS mutant CuZnSOD proteins that we have studied tend to fall into two groups. We have termed the first of these groups wildtype-like because the mutant proteins are isolated from their expression systems with copper and zinc levels very similar to those found for the wild-type protein expressed under the same conditions, i.e., high in zinc but with variable levels of copper (52) (54, 55) . The SOD activities and the spectroscopic characteristics of this class of ALS mutant CuZnSOD proteins are virtually identical to those of wild-type CuZnSOD (52, 53) . We find no evidence that they exist in zincdeficient forms in these eukaryotic expression systems, in which they are biologically metallated.
We term the second class of ALS mutant CuZnSOD proteins ''metal-bindingregion'' mutants. These include mutations in the metal-binding ligands themselves or in the electrostatic and zinc loop elements that are intimately associated with metal binding. Fig. 1 shows the positions of these mutations. The side chain of Asp-124 directly links the electrostatic and zinc loop elements and is particularly important in that it contributes to the stabilization of both the copper and zinc-binding sites by forming hydrogen bonds simultaneously to the nonliganding imidazole nitrogen atoms of copper ligand His-46 and zinc ligand His-71. Because of this delicate interplay between the electrostatic and zinc loop elements, it is perhaps not too surprising that these mutants are isolated from the expression systems with very low zinc but also with very low copper. This class of ALS mutant CuZnSOD proteins is very likely to exist in vivo in zinc-and copper-deficient forms. We therefore think it very unlikely that members of this class of mutants, with the possible exception of H48Q, catalyze oxidative damage reactions. Because the members of the metal-binding-region mutant class demonstrate such different characteristics relative to the wild-type-like mutant class, understanding how they initiate motor neuron death could provide sig-nificant insight into ALS etiology across the board (see below).
His-48 is a copper-binding ligand, and yet the ALS mutant H48Q is unlike the other metal-binding-region mutants. It is the only mutant we have characterized to date that has high affinity for both copper and zinc and yet has very low SOD activity (52) . Spectroscopic characterization of this mutant indicates that the copper site does not have the same geometry as that of wild-type CuZnSOD (52) . This mutant also appears to have a redox chemistry quite different from other copper-binding mutants (56) .
State of Metallation of Toxic Mutant CuZnSOD Proteins: Copper
Copper chelators have been shown to slow the course of the disease in both the mouse and cell-culture models of SOD-associated ALS (57-60). Nevertheless, it has been proposed by Wang et al. (61) that the toxicity of the ALS mutant CuZnSOD proteins does not require the presence of copper bound at the copper site of the mutant protein. They generated transgenic mice with a double mutation combining two known ALS mutations in the metal-binding region, H48Q and H46R, and showed that they developed the disease. We absolutely agree that those ALS mutant proteins with inherently compromised metal-binding abilities, such as the class of metalbinding-region mutants described above, may cause ALS without any involvement of copper. The H48Q͞H46R double mutant adds another example to this class of mutant ALS proteins, but it does not represent them all. In our opinion, there remains strong evidence implicating copper in the mechanism of toxicity of the mice carrying wild-type-like mutant CuZnSOD (see below).
Another relevant experiment is the demonstration that ALS transgenic mice lacking CCS, the copper chaperone for SOD, have significantly less EDTAresistant copper-loaded mutant CuZnSOD protein and yet show the same progression of disease as the ALS mice with CCS (62). However, it is difficult to interpret these findings until the state of metallation of the mutant CuZnSOD by both copper and zinc in the various tissues is confirmed. If the mutant CuZnSOD proteins are not properly metallated with zinc in the CCS knockout mice, it is likely that EDTA will remove any copper.
It should also be noted that human CuZnSOD has a cysteine, Cys-111 (Fig.  1) , that has been shown to be capable of binding copper ions in vitro in H46R CuZnSOD (63) . Copper ions bound at this location to mutant CuZnSOD proteins could conceivably catalyze oxidative damage reactions in vivo, but it would not have been detected in the studies described above because it would not survive treatment with EDTA.
Are the Zinc-Binding Sites Defective in ALS Mutant CuZnSODs?
All of the metal-binding-region mutant CuZnSOD proteins that we have studied, except for H48Q, fail to be properly metallated with zinc in the yeast or insect cell expression systems, but the wild-type-like CuZnSOD mutants are properly metallated by zinc (52) . We conclude that the affinity of the zinc site for zinc is not inherently compromised in these latter mutants, so long as the protein can achieve the correct conformation in the zinc site. Wild-type-like mutant CuZnSOD proteins appear to be properly metallated by zinc and copper in the two eukaryotic expression systems studied (52) , and there is no evidence for altered conformations of the protein when this class of mutants is biologically metallated.
By contrast, in vitro metallation studies of isolated wild-type-like mutant CuZnSOD apoproteins, prepared by removal of the metal ions at low pH, suggest that the mutant apoproteins, under these conditions, unlike the wild type, readily convert to a misfolded form that will bind metal ions at the zinc site, but in an altered geometry. This is particularly evident from the visible absorption spectral titrations of the mutant apoproteins with either Co 2ϩ or Cu 2ϩ , which show relatively high-affinity binding of those metal ions to the zinc sites, but in altered geometries based on the spectral characteristics of that metal ion (53, (64) (65) (66) . The misfolding of the zinc site is probably responsible also for the loss of in vitro metal ion-binding specificity of many of the mutant proteins (53) .
The altered conformation of the zinc site apparently leaves the copper site relatively unaffected. This conclusion can be seen most clearly in the case of the wild-type-like mutants G93A, A4V, and L38V, in which the apoproteins have been remetallated with Cu 2ϩ ions in both their copper and zinc sites. These four-copper derivatives have SOD activities identical to wild type biologically metallated with copper and zinc, indicating that the copper ions in the copper sites are fully SOD active. It is highly likely that their modes of copper binding are identical to that of copper in the wild-type protein. By contrast, the visible spectral characteristics of these four-copper derivatives are quite different from each other and from the fourcopper derivative of the wild-type protein (53) . We conclude that the change in the spectrum is due to distinct differences in the geometries of the copper bound to the zinc sites of the different mutants. Fig. 1 shows that each subunit of SOD1 possesses an eight-stranded Greek key ␤-barrel fold. However, not all of the strands forming the ␤-barrel are continuously hydrogen bonded to each other as is observed in ''true'' ␤-barrel proteins such as triose phosphate isomerase. For the purposes of this discussion, it is perhaps more useful to think of the SOD1 fold as a ␤-sandwich, where ␤-strands 5 and 6 are considered edge strands (Fig. 2) . Edge strands are potentially dangerous for proteins because they provide a hydrogen-bonding surface that naturally accommodates interaction with other edge strands, which in turn can lead to the formation of higher-order structures such as those found in amyloid fibrils. As ␤-sheet-containing proteins evolve, they remain under constant selective pressure to protect their edge strands from such nonproductive associative interactions by using a wide variety of strategies (reviewed in ref. 67) . As shown in Fig. 2 , wild-type SOD1 makes its edge strands unavailable for self-association by sterically blocking such interactions with its well ordered electrostatic and zinc loop elements.
Structures of Wild-Type and ALS Mutant CuZnSODs
Given the assumption that ALS SOD1 oligomerization or aggregation is mediated through nonnative SOD1-SOD1 protein-protein interactions, it is difficult to envision how members of the wild-type-like class, when fully metallated, might be prone to participate in such nonproductive interactions. In this context, the crystal structures of wildtype-like pathogenic SOD1 mutants G37R and A4V have been determined (68, 69) . Not surprisingly, both proteins are metal-loaded, and their overall structures, including the conformations of the electrostatic and zinc loops, are nearly indistinguishable from the wildtype protein (Fig. 1) . Taken alone, these structures shed little insight into how mutant SOD1 oligomerization or aggregation might occur.
On the other hand, it is not too difficult to envision how members of the metal-binding-region mutant class of ALS SOD proteins might be prone to oligomerization or aggregation. Because metal binding plays an enormous role in stabilizing the conformations of the electrostatic and zinc loops, these metaldeficient proteins likely have significantly increased conformational mobility of these loop elements relative to the wild-type enzyme, permitting nonnative SOD1-SOD1 protein-protein interactions at or near the deprotected edge strands. Because SOD1 is a homodimer, such interactions can occur at either end of the molecule and propagate in two directions. Preliminary structural data gathered on several metal-deficient representatives of the metal-binding-region class of mutant SOD1 proteins reveal that the electrostatic and zinc loops do indeed become disordered, which in turn permits a gain-of-interaction between SOD1 molecules that leads to their incorporation into higher-order assemblies.
Oxidative Damage to CuZnSOD Occurs Predominantly in the Metal-Binding Region
There is considerable evidence indicating that elevated oxidative stress and elevated oxidative damage are present in the tissues of the ALS transgenic mice (reviewed in ref. 19 ). In the G93A mouse, one of the most heavily oxidized proteins identified was the mutant CuZnSOD itself (70) .
Most oxidative damage to proteins in vivo is believed to occur by a sitespecific, metal-mediated mechanism in which hydrogen peroxide reacts with a redox-active metal ion to generate a hydroxyl radical, ⅐ OH, which immediately oxidizes an amino acid residue in close proximity to the redox metal ion-binding site (71) . The reaction of hydrogen peroxide with CuZnSOD is an excellent example of such site-specific oxidative damage, which occurs in the metal- Fig. 2 . Structure of a monomer of wild-type-like pathogenic SOD1 mutant G37R, rotated 180°relative to the view shown in Fig. 1 . The electrostatic loop is shown in cyan and the zinc loop is shown in black. ␤-Strands 5 and 6, the edge strands of the SOD1 ␤-sandwich (see text), are shown in red. The zinc loop projects out of the plane of the paper toward the viewer such that when two SOD1 proteins encounter each other in solution, they are sterically hindered from participating in protein-protein interactions at the edge strands. This edge strand protection could be lost if the zinc loop loses its wild-type conformation or becomes mobile because of mutation, metal deficiency, or both. The second subunit of the G37R homodimer is generated by a 180°rotation around the axis indicated.
binding region and results in enzyme inactivation (72) (73) (74) . Specific residues that have been reported to be oxidized by hydrogen peroxide are His-46, His-48, Pro-62, His-63, and His-120 (human numbering; refs. 75 and 76) . In recent studies, we have discovered that the presence of bicarbonate ion significantly enhances the rate of inactivation of CuZnSOD by hydrogen peroxide. We therefore suggest here that the wildtype-like mutant CuZnSOD proteins may be oxidized in vivo by hydrogen peroxide via a bicarbonate-mediated, site-specific oxidation mechanism and that the product would be mutant CuZnSOD that has been specifically oxidized in the metal-binding region; we predict that such oxidatively damaged mutant CuZnSOD will have compromised metal-binding ability and, consequently, properties similar to those of the metal-binding-region mutants.
Conclusions
Oligomerization of ALS mutant CuZnSOD proteins appears to be important in explaining the toxicity of these proteins. The metal-binding-region mutant CuZnSOD proteins are poorly metallated in vivo with either copper or zinc and appear to be primed for aggregation with no further modification. By contrast, the wild-type-like mutants are metallated well in vivo and appear to be very similar to the wild-type protein in solubility. Site-specific oxidative damage to the metal-binding regions of these mutant proteins by reaction with hydrogen peroxide, a chemistry known to be enhanced in the wild-type-like mutant class, would compromise the ability of these mutants to bind metal ions and may convert them to forms that are much more prone to aggregation. In this way, the wild-type-like and the metalbinding-region classes of pathogenic SOD1 mutants may become fused into a single class of molecules that can oligomerize and wreak havoc in the cell.
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